We report on molecular-dynamics (MD) simulations of tensile loading of nano-crystalline Al modeled by an embedded-atom method (EAM) potential. Usage of two different sample preparation methods of the nano-crystalline material allows us to compare mechanical properties for different sample qualities. A Voronoi-constructed polycrystal exhibits nearly no pores and has different mechanical properties compared to a material that is sintered under pressure and temperature from spherical nanoparticles, resulting in a lower-density sample. We found an inverse Hall-Petch relation for the flow stress for grain sizes smaller than 10 nm. Intergranular fracture was observed for the larger Al grain sizes, but not for nano-crystalline Cu.
I. INTRODUCTION
NANO-CRYSTALLINE metals exhibit physical properties different from ordinary poly-crystalline materials, which make these materials of technological interest. [1] One important example is the increasing hardness with decreasing grain size, attributed to dislocation immobilization at the grain boundaries, and known as the "Hall-Petch effect." [2, 3] However, for grain sizes below a critical value, the hardness decreases with decreasing grain size, i.e., an inverse HallPetch effect. [4, 5, 6] There is still a debate whether this effect is an artifact due to difficulties in sample preparation at the smallest grain sizes. [7] Atomistic simulations identifying an inverse Hall-Petch relation for Cu, Ni, and Pd [8, 9] for small grain sizes (d Ͻ 10 nm, where d ϭ average grain size) exhibit plasticity dominated by intergrain activities, such as rotation, sliding, and growth.
Here, we report on large-scale molecular-dynamics (MD) [10] simulations, performed with the SPaSM code, [11] investigating the tensile loading of nano-crystalline Al. The atomic interactions were described by an embedded-atom method(EAM) potential [12] especially designed to model Al. [13] For the grain sizes investigated (d Ͻ 10 nm), we find an inverse Hall-Petch relation. The deformation processes here are dominated by grain rotation, sliding, and growth-mechanisms that result from the large fraction of grain boundary atoms as seen previously for other face-centered cubic metals. [8, 9] In the present case of nano-crystalline Al, we find that intergrain fracture can occur, identified by a sudden drop in the stress-strain plot. We demonstrate that the sample preparation method and resulting quality are very important factors determining the hardness of the material.
II. COMPUTATIONAL METHODS
We used two different methods to prepare the nanocrystalline initial sample configuration. Periodic boundaries were employed in both cases. The first method is a Voronoi construction, [6] where grain centers and orientations are randomly chosen, and a subsequent space filling, with the local orientation determined by the closest grain center. After annealing at 600 K for 22.5 ps and then equilibrating at 300 K for 22.5 ps, this method gives poly-crystalline structures with polytope grains (Figure 1 ). The resulting density is close to ideal (Table I ) and the grain boundary thickness is independent of grain size ( Figure 2 ). The latter suggests that the grain boundary structure is independent of grain size, even down to the nanometer regime, which is observed by experimental X-ray absorbtion fine structure techniques [14] and by previous MD studies. [15] The second method ( Figure 3) is to sinter the sample from spherical nanoparticles with different diameters. As the initial configuration, we took a close-packed arrangement obtained by contact-dynamics simulations [16, 17] consisting of 32 nanoparticles with three different diameters having a ratio of 2:3:4. Filling those nanoparticles with a crystal of random orientation and sintering under a pressure of 1 to 2 GPa at a temperature of 600 K for 157.5 ps, followed by a relaxation at zero pressure and T ϭ 300 K for 45 ps, results in samples of different density depending on the sinter pressure and the size of the nanoparticles (Table I) .
The preparation processes (annealing, equilibrating, and sintering) were simulated by rescaling uniformly the coordinates and edge lengths in all directions (x, y, z). The subsequent tensile loading was simulated by rescaling all coordinates and the edge length in the direction to be pulled (z) and relaxing the two other directions (x and y) using a scheme similar to that in Reference 6. The integration timestep was varied from 1.5 to 4.5 fs.
It should be pointed out that with today's computational power, deformation rates achievable in MD simulations (Ͼ10 experimental ones. [8, 9] However, it has been shown that in the case of quasi-static yielding at zero temperature, the damage occurring in the material and the deformation mechanisms are basically the same, as compared to nonzero strainrate simulations at ambient temperatures. [8] It has also been pointed out that in spite of these extremely high strain rates, the Coble-creep equation describing grain boundary diffusion in coarse-grained materials can still be reproduced. [18] III. RESULTS
A. Voronoi-Constructed Samples
The tensile loading simulations (Figure 4) show the flow stress decreasing with decreasing grain size, i.e., an inverse Hall-Petch behavior. The larger the strain rate, the larger the flow stress, which indicates that the material needs a finite response time to activate plasticity ( Figure 4) . Another interesting observation is the sudden drop in the flow stress for larger grain sizes, which indicates that fracture has occurred. An analysis of the atomic positions indeed shows that intergrain fracture, i.e., fracture along the grain boundaries, has taken place.
[21] Samples with larger grain sizes tend to exhibit fracture at smaller strains than do samples with smaller grains.
Siegel and Fougere [19] observed fracture during tensile testing experiments of nano-crystalline Pd. Recently, Haque and Saif [20] found almost brittle fracture in thin nano-crystalline Al films (30 to 50 nm) with grain sizes varying from 10 to 20 nm. To make sure that the fracture process is not an artifact due to a short annealing time, we doubled the relaxation time and we also relaxed the system at a pressure of 4 GPa with a subsequent relaxation at zero pressure. We did not find any dependence on the aforementioned relaxation procedures. Before the onset of fracture, the plasticity we observed consisted of grain boundary sliding processes and grain growth. For comparison, we did some runs with an EAM Cu potential, [22] revealing no fracture even at large strains. So why does Al show fracture? One explanation is connected to the effective pair potential of the Al interaction used here. [13] The effective pair potential has a double-minima structure that agrees with pseudopotential calculations by Hafner [23] and with other descriptions of Al. As can be seen from the construction of this EAM Al potential, [13] the double-minima structure comes from the relatively low C 44 elastic constant of Al. This affects the attractive region of the potential. Holian and Ravelo [24] have shown that changes in the attractive part of the pair potential can enhance brittle fracture over ductile fracture and vice versa. [24] There might be other factors influencing the intergranular fracture process, including the high strain rates used in the simulations.
We found an inverse Hall-Petch relation for small grain sizes ( Figure 5 ), i.e., softening with decreasing grain size. The flow stress as a function of 1/d for nano-crystalline Al shows a linear behavior (the standard error for the regression slope is 0.1 GPa nm). This means that the deformation mechanism for small grain sizes is related to the surface-to-volume ratio of the grains, indicating the dominance of intergrain activity. However, our data points also scale well with d
, which is the scaling expected for the Hall-Petch effect (upper inset of Figure 5 ) (here, the standard error for the regression slope is 0.17 GPa nm 1/2 ). The lower inset of Figure 5 shows the raw for nano-crystalline Al shows a linear behavior, suggesting that the deformation mechanism for small grain sizes is related to the surface-to-volume ratio of the grains, indicating the dominance of intergrain activity. The insets show the Hall-petch plot (diamonds) and the raw data (squares) that might suggest the cross over between the inverse Hall-Petch and the normal Hall-Petch regime at larger grain sizes (d Ϸ 10 nm). quality for investigating mechanical properties in the nanoregime. However, if the samples are sintered under high pressure to a density similar to their Voronoi counterparts, the sintered samples have more mechanical strength. This accounts for the fact that the sintering process leads to better developed grain boundaries as compared to the Voronoi-constructed samples, due to the more free and natural relaxation process. For the largest grain sizes investigated (around 10 nm), the flow stress as a function of grain size gives a hint that the crossover to the Hall-Petch regime is close, which agrees with recent MD simulations of nano-crystalline Cu by Schiøtz and Jacobsen. [25] However, we should emphasize that in order to make a definitive statement, we have to average over several independent samples to obtain statistically significant data points for the flow stress [6] as a function of grain size. It would also be most interesting if the fully threedimensional simulations we discussed in this article are able to describe twinning phenomena in nano-phase Al, as recently found experimentally for grain sizes in the range of 10 to 35 nm. [26] The MD simulations of a thin slab with grain sizes around 50 nm indeed show twinning in Al as a mode of plasticity. [18] However, these simulations, as well as ours, suggest that for the smallest grain sizes investigated here, sliding processes between the grains dominate the plastic deformation process. data (also shown in Table I ) that might suggest that we are close to the turnover into the normal Hall-Petch regime for grain sizes of the order of 10 nm. Table I lists the sintered samples that we studied together with the measured flow stresses. Due to the sintering process, the samples have a larger porosity than the Voronoi samples, which could be improved if the pressure or the sintering time is increased. Here, the flow stress strongly depends on the sample quality ( Figure 6 ). Larger grain sizes do not relax as fast as smaller grain sizes. However, the sample sintered at 2 GPa exhibits a larger flow stress (Table I) than its approximate Voronoi counterpart. This suggests that the grain boundaries formed by the more "natural" sintering process might be mechanically more stable than their Voronoi counterparts. As for the Voronoi-constructed samples, the sintered samples also show an intergrain fracture at larger strains (Figure 6) . One interesting observation is a "new mode" of plasticity for the sintered samples: the more porosity the sample has, the more pronounced is the growth of pores and the less pronounced are the grain boundary sliding processes. The growth of pores eventually leads to a fracture starting at pores propagating along grain boundaries.
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B. Sintered Samples
IV. DISCUSSION AND CONCLUSIONS
We have demonstrated an inverse Hall-Petch effect for an EAM model of poly-crystalline Al with grain sizes d Ͻ 10 nm. At large strains, during the plastic flow process, fracture along the grain boundaries occurs. For sintered samples containing pores, a new mode of plasticity was observed and identified as pore growth. The observed flow stress strongly depends on the sample quality, i.e., higher density or lower porosity. This underlines the importance of the experimental sample
